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This is the first in a series of four articles which will explore different aspects of air pollution, 
its impact on health and challenges in defining the boundaries between impact and non-
impact on health. Hardly a new topic one might say. Indeed, it’s been an issue for centuries, 
millennia even! For example, Pliny the Elder (AD 23-79), a Roman officer and author of the 
‘Natural History’ recommended that: “…quarry slaves from asbestos mines not be purchased 
because they die young”, and suggested: “…the use of a respirator, made of transparent 
bladder skin, to protect workers from asbestos dust.” Closer to modern times, a Danish 
Proverb states: "Fresh air impoverishes the doctor". While none of these statements are an air 
quality guideline in a modern sense, they do illustrate that, for a very long time, we have 
known that there is a link between air quality and health, and that some measures were taken 
to reduce the impact of the exposure to the pollutants. Obviously, we are much more 
sophisticated now!  
The sophistication starts with continued improvements to the meaning of the term “adverse 
health effects”. More than fifty years ago, in 1958, the World Health Organization (WHO) 
provided, for the first time, a definition of adverse effects (WHO, 1958), and since then, they 
have reviewed and improved the understanding of the distinction between adverse and non-
adverse effects (e.g. WHO, 1972 & 1798). These improvements came with the expansion of 
medical knowledge, including a higher sensitivity of research approaches and the application 
of biomarkers that can detect even the most subtle perturbation in the human biological 
system resulting from exposure to air pollution. These new dimensions have been discussed 
and utilised in the Official Statement of the American Thoracic Society as to “What 
Constitutes an Adverse Health Effect of Air Pollution”, released in 2000 (American Thoracic 
Society, 2000), thus modifying the previous statement of the Society released in 1985 
(American Thoracic Society, 1985).  
The above examples illustrate the many steps which need to be taken before initiating the 
process of establishing air quality health guidelines – the basis for national air quality 
standards.  The quantification of risk due to environmental exposure to a particular pollutant 
is always a complex process, since there is a multiplicity of other pollutants and 
environmental factors which have an impact on the individual at the same time, and the 
particular exposure investigated is only one of those factors. Such a process is normally 
initiated when evidence emerges that exposure to the pollutant constitutes a risk to human 
health. Some of the key subsequent steps in the process include the quantification of both the 
exposure-response relationship, as well as the impact of the proposed regulations or policy 
measures on the actual reduction in exposure. The entire process of risk assessment, for the 
purpose of risk management, encompasses several more steps, in particular, establishing the 
exposure-dose and dose-response relationships (these two are not always conducted), the life 
time individual risk, and the risk to the exposed population (Naugle and Pierson, 1991; 
Pierson et al., 1991). In relation to air quality, guidelines for the protection of human health 
against the adverse effects of pollution are first developed based on public health studies 
(epidemiological, toxicological and clinical), which in turn, serve as a foundation for setting 
national air quality standards as the main means to enforce air quality management policies.  
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The guidelines which are globally considered to be the foundation for the prevention of health 
effects in relation to air pollution, are those developed by the WHO. In 1979 the WHO 
published a criteria document focused on sulphur dioxide and particulate matter (WHO, 1979), 
but the first edition of the guidelines was published by the WHO European Office in 1987 
(WHO, 1987), and then updated in 2000 (WHO, 2000a). In the same year a global edition of 
the guidelines was also published (WHO, 2000b), with the most recent update published in 
2005 (WHO, 2005). The first edition of the guidelines (1987) included carbon monoxide (CO), 
lead, nitrogen dioxide (NO2), ozone (O3), sulphur dioxide (SO2) and Total Suspended 
Particulate (TSP) matter. The Global and European guidelines published in 2000, as well as the 
Global guidelines published in 2005 included the same pollutants, however, in 2000 TSP was 
replaced by PM2.5 and PM10, albeit without the provision of numerical guidelines, which were 
provided in the 2005 update. Currently the WHO is preparing indoor air quality guidelines for 
selected pollutants (expected to be released this year), and while the majority of the pollutants 
considered by this document are of more significant concern in relation to indoor, rather than 
outdoor air, it will consider CO and NO2 as well.   
While the second article in this series will explore issues related to airborne particulate matter 
and health, and the last will consider indoor air and health, here we focus on ambient gaseous 
pollutants, including NO2, SO2, O3 and CO. In relation to each of these pollutants, firstly we 
will discuss the changes in guideline values over the past 20 years, and then the health 
rationale for the current numerical guidelines will be summarised. Looking back not only 
gives us an understating of what happened in the past, but often, it also allows us also to gain 
a better perspective as to the present, as well as likely directions for the future.  
 
Nitrogen Dioxide 
Figure 1 shows the changes that occurred to the NO2 guideline values, as well as the averaging 
times, between the first edition and the two subsequent updates of the WHO guidelines.  
 
Figure 1. NO2 guideline values for different averaging times provided by the 1987, 2000 and 
2005 WHO Air Quality Guidelines.  
It can be seen that, not only was the 24 hour guideline value (set in 1987) replaced by an 
annual guideline value in 2000, but the initial 1 hour guideline value was halved in 2000. 
However, from 2000 to 2005, there were no further changes to the 1 hour or annual 
guideline values, which implies that during that 5 year period, no new medical evidence 
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emerged that would justify lowering the value or changing the averaging time. Therefore, 
does this mean that we can expect these values to remain as guideline for the years to 
come? To answer this, let us have a look at the 2005 update, which provided a rationale for 
maintaining the guidelines at their previous values.  
In relation to the annual guideline value, the document concludes that, in population 
studies, NO2 has been associated with adverse health effects even when the annual average 
NO2 concentration complied with the 40 μg/m3 guideline value, and also that some indoor 
studies suggest respiratory effects among infants at concentrations below this value. Thus, 
taken together, these results would support a lowering of the annual NO2 guideline value. 
However, in general, NO2 is a significant constituent of combustion emissions and 
therefore, it is highly correlated with other primary and secondary combustion products. 
Many epidemiological studies have used NO2 as a marker of combustion related pollutant 
mixtures, particularly traffic exhaust or indoor combustion source mixtures. Therefore, the 
health effects observed in these studies might also have been associated with other 
combustion products, including ultrafine particles, NO, particulate matter or benzene. 
Given these findings, it is unclear to what extent the health effects observed in 
epidemiological studies are attributable to NO2 and therefore, it was considered that there 
was insufficient evidence to justify changing the 2000 guideline value of 40 μg/ m3 for 
annual NO2 concentration. In addition, no studies reported acute health effects at levels 
equal to or below 200 μg/ m3, and therefore, there were no basis for changing the 1 hour 
NO2 concentration value either.  
It was stressed that the “present guideline was set to protect the public from health effects 
of the NO2 gas itself”. This is important because most abatement methods are specific to 
NOx and they are not designed to control other co-pollutants. In fact, they may even 
increase their emissions (e.g. ultrafine particles). If NO2 is monitored as a marker of the 
concentration and risk of combustion generated pollution mixtures instead of NOx, an 
annual guideline value lower than 40 μg/ m3 should be used instead.  
 
Sulfur Dioxide 
Figure 2 shows that while there was no change to either the 24 hour or the annual value for 
SO2 concentrations in 2000, a significant change occurred in 2005. Not only was the 24 hour 
guideline value decreased by over six times (from 125 to 20 μg/m3), but the annual value was 
abandoned and instead, a 10 minute value introduced. These changes were the result of a 





Figure 2. SO2 guideline values for different averaging times provided by the 1987, 2000 and 
2005 WHO Air Quality Guidelines 
 
Firstly, the reason for recommending a value of 500 μg/m3 over an averaging period of 10 
minutes was that controlled studies with exercising asthmatics indicated that some of them 
experienced changes in pulmonary function and respiratory symptoms after short-term 
exposure periods as small as 10 minutes. Therefore, it was considered that there was no basis 
for a guideline value over a longer averaging time, for example an hour, because the sharp 
peaks in concentrations of SO2 depend on the variable nature of local sources, as well as 
meteorological conditions.  
More complex is the picture in relation to the 24 hour guideline value. As was the case with 
NO2, SO2 epidemiological studies on day-to-day changes in mortality, morbidity or lung 
function were conducted under the conditions of simultaneous exposure to a mixture of 
pollutants, and in particular, particulate matter. With little basis for separating the 
contributions of these two pollutants, prior to 1987, in the criteria document SO2 was linked 
with particulate matter (WHO, 1979). Subsequently, epidemiological evidence showed 
separate and independent adverse public health effects of particulate matter and SO2, which 
led to separate guideline values for SO2 in the 2000 revision of the guidelines, independent of 
the guidelines for particles. Further, it was considered that an annual guideline was not 
needed, since compliance with the 24 hour level would assure low average annual levels.   
Another important finding of more recent epidemiological studies (including hospital 
admissions for cardiac disease or daily/annual mortality) was a lack of evidence for a health 
effects threshold within the concentration range of 5-40 μg/m3. Therefore, it was concluded 
that if there were an SO2 threshold for any of these effects, it would have to be very low. 
Despite these new findings, considerable uncertainty remained as to whether SO2 was the 
pollutant responsible for the observed adverse effects or whether it was a surrogate for other 
correlated substances, in particular ultrafine particles, since several studies indicated a close 
relationship between these pollutants. Therefore, future studies are needed to shed more light 
on the independent or related nature of the effects of SO2 in pollutant mixtures, and in the 
absence of threshold levels, on the need to further revise the guideline values for SO2. 
 
Ozone 
Evolution of the O3 guideline values are shown in Figure 3. It can be seen that, initially, there 
was no single value, but a range of concentrations recommended for both 1 hour and 8 hour 
guidelines. In 2000, these values were replaced by only an 8 hour guideline, set at the upper 
value of the previous 8 hour guideline range, and in 2000, it was lowered to what was 






Figure 3. O3 guideline values for different averaging times provided by the 1987, 2000 and 
2005 WHO Air Quality Guidelines 
 
The reason for this relatively small variation in the 8 hour guideline values was that while, 
since the mid-1990s, there has been no major addition to evidence from chamber studies or 
field studies, there was a marked increase in evidence from epidemiological time-series 
studies showing convincing, though small, positive associations between daily mortality and 
ozone levels. Similar associations were identified in different geographic settings and it was 
found that the effects of O3 concentrations below the previous guideline of 120 μg/m3, 
displayed considerable individual variation without clear evidence of a threshold. With an 
increase in concentrations above the guideline value, health effects at the population level 
became increasingly numerous and severe, and these effects were shown to be independent of 
the effects of particulate matter. However, it was not unacknowledged that health effects will 
occur below this guideline level in some sensitive individuals, with the estimated number of 
attributable deaths increasing by 1-2% on days when ozone concentration reached this 
guideline level, as opposed to remaining at the background level.  
As with the other pollutants discussed above, O3 is also a component of complex mixtures 
and there is some evidence that its presence also represents the existence of unmeasured toxic 
oxidants arising from similar sources. In addition, there is some evidence to suggest that 
long-term exposure to ozone may have chronic health effects, but it is not sufficient to 
recommend an annual guideline.  
 
Carbon Monoxide 
Guideline values for CO remained unchanged between the 1987 and 2000 WHO guideline 
documents and they were not considered in the 2005 update. The values are currently 100, 
60, 30 and 10 mg/m3 for 15 min, 30 min, 1 hour and 8 hours, respectively. Further discussion 
on this pollutant will be included when discussing indoor air and health, since CO is included 
in the WHO indoor air guidelines currently being developed. 
 
Conclusions 
Out of the three pollutants discussed here, it appears as though the most established 
relationship is the impact of O3 on health and the lack of evidence demonstrating a need to 
lower this guideline value over the past 20 years indicates that it is unlikely that we will see 
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major changes to future updates of the guidelines in the years to come. However, both NO2 
and SO2 still present considerable challenges. In both cases, one of the most significant 
challenges is the need to separate the effects of the pollutant in question from the effects of 
other pollutants often originating from the same source, most commonly combustion. The 
pollutant with which both of these gases are closely related in combustion mixtures are 
particles, and in the case of SO2, it is not only a relationship with emission rates or factors, 
but some fraction of particulate matter is formed from SO2 in the process of secondary 
organic particle (SOP) formation. Neither the science of SOP is well established, nor is its 
quantification in atmospheric systems available. This means that, as better scientific and 
medical evidence emerge, the coming years or decades may bring more substantial changes 
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